The effect of anticoagulants on the flow properties of blood, plasma, and serum has been subjected to investigation with various results. Trevan (1) studied the viscosity of blood with various anticoagulants. He found that hirudin has no appreciable influence on the viscosity, whereas oxalate, citrate, and fluoride in the solid state were inadmissable because they altered the volume of the corpuscles by osmotic changes. Oberst (2) has recently stated that heparin produces an increase in the consistency of plasma and serum whereas potassium oxalate produces no change. Eckstein, Book, and Gregg (3) reported that heparin, in vitro or in vivo, has not been observed to alter the blood viscosity significantly. Our purpose was to discover whether various units of purified heparin, added to blood and serum, would alter their viscosities.
(From the Hixon Laboratory for Medical Research, University of Kansas, Kansas City)
(Received for publication, May 18, 1942)
The effect of anticoagulants on the flow properties of blood, plasma, and serum has been subjected to investigation with various results. Trevan (1) studied the viscosity of blood with various anticoagulants. He found that hirudin has no appreciable influence on the viscosity, whereas oxalate, citrate, and fluoride in the solid state were inadmissable because they altered the volume of the corpuscles by osmotic changes. Oberst (2) has recently stated that heparin produces an increase in the consistency of plasma and serum whereas potassium oxalate produces no change. Eckstein, Book, and Gregg (3) reported that heparin, in vitro or in vivo, has not been observed to alter the blood viscosity significantly. Our purpose was to discover whether various units of purified heparin, added to blood and serum, would alter their viscosities.
In the course of these studies it became apparent that anomalous flow properties of the blood contributed to the complexity of the problem. These anomalies have been referred to in the literature. Dow and Hamilton (4) occluded the aorta of dogs and studied the curve of declining pressure, measured peripherally to the point of occlusion. At a pressure of about 20 mm. of mercury the flow of blood stopped. They attributed this phenomenon to the anomalies of the apparent viscosity of blood, thus agreeing with the findings of Whittaker and Winton (5) who studied the apparent viscosity of blood suspensions. The latter found this phenomenon in glass viscometers as well as in the biological viscometer which they developed in the isolated hind limb of the dog. This same phenomenon was also found following arterial occlusion by employing a piezographic sphygmomanometer by Lahy (6) who estimated that a minimum pressure between 5.7 and 8.2 mm. of mercury will maintain circulation.
The similarity of these phenomena to those studied and analyzed in other fields of theology, where relationships have been developed, justified an attempt to apply these relationships to the blood-anticoagulant systems. Only systems whose flow properties obey this proportionality as shown in Equation 1 , and graphically in Fig. 1 , Line I, are true fluids and are said to exhibit true viscosity. Only to such systems can the term "viscosity" be strictly applied.
For the more complex systems, not conforming to Equation 1, several relationships have been developed. The simplest of these is the Bingham concept 
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The data presented by Whittaker and Winton conform to the Bingham type of flow diagrams. That their plot of pressure versus rate of flow was linear with an intercept on the pressure ordinate indicated that there, apparently, was a definite minimum pressure below which the blood would not flow. The simple Bingham flow diagram and concept were accepted as most suitable for our study, in view of the preceding evidence and because the deviation for the data reported here from the Bingham relationship is not large. Further, the quantity of data available does not justify the application of more complex, possibly more exact formulae.
The simple term "viscosity" in the subsequent report will be applied only to systems which conform to Equation 1, and whose viscosities do not change R = rate of shear, S = shearing stress, So ---Bingham "yield value," ,TR = proportionality factor with the same dimensions as viscosity, but defined as pseudoviscosity as it does not fill the full requirements of Equation 1. with changes in the applied stress. Its flow diagram is characterized by a straight line through the origin, as shown in Fig. l , Line I. Its magnitude is proportional to the slope of the angle "V."
The term "apparent viscosity" will be applied to values obtained in terms of viscosity for non-Newtonian systems at a given stress. These values are obtained relative to water, or standard glycerol-water mixtures, of known viscosity, tested under the same conditions, using as a factor their viscosities in centipoises. In this respect, "apparent viscosity" here used differs from "apparent viscosity" as defined by Winton and Bayliss (8) and Whittaker and Angle V is proportional to viscosity; AV and PV are proportional to apparent viscosity and pseudoviscosity respectively; intercept So is defined as yield value.
Winton, as we believe their water factor was unity rather than the viscosity of water in centipoises. It is only necessary to multiply our "apparent viscosity" by 0.68 (the viscosity in centipoises of water at 37.5°C.) to obtain the Whittaker-Winton-Bayliss "apparent viscosity" which is the equivalent of our "apparent specific viscosity." The term "specific" is introduced because it is common usage to apply it to the values relative to water.
The "apparent viscosity" is proportional to the tangent of the angle "A V" of Fig. 1 . Its value is dependent on the stress on Line II to which the dotted lineis drawn. If the determination is madeat a lowstress the angleA Vis large and the apparent viscosity is higher. If the determination is made under ttX~Ol~a~ RI-IEOLOG¥. I a high stress the angle A V is smaller, and the viscosity, consequently, is smaller. This is in keeping with the observations of Whittaker and Winton.
"Pseudoviscosity" will be the expression applied to the Bingham type of non-Newtonian fluid, and is graphically proportional to the angle PV of Fig. 1 . Its magnitude, in terms of centipoises, is determined by the use of Fig. 2 . This value is the reciprocal of the Bingham "mobility." A pseudoviscosity determination requires a flow diagram of rate rersus at least two, preferably three or more, stresses. In each instance these diagrams were drawn to a uniform scale. This uniform scale was used in the development of Fig. 2 . The expression "yield value" is used to describe the intercept on the stress ordinate, in this instance, the sine of the angle of viscometer tube inclination. The values given are based on the fact that the stress causing the ball to roll is directly proportional to the sine of the angle of the viscometer tube (/9) and the difference in the density of the ball and fluid (Ds --D) multiplied by the gravitational force 980 (to convert it to dynes) as follows:
The yield values reported were not expressed in the conventional dynes per square centimeter as the available data do not permit an expression of the stress intensity. The value reported is proportional to the yield value, or shearing strength (9) . For similar reasons, the yield values reported by Whittaker and Winton and Dow and Hamilton are functions of the stress intensity. Accordingly, the various values reported, although proportional in some fashion, are not subject to a direct comparison.
For the Bingham type of flow, the system is completely defined by the factors pseudoviscosity and yield value. This is the minimum number of constants capable of completely defining the flow properties of the anomalous systems observed, and is necessary for the solution of Equation II.
EXPEI~ I~JF.NTAL 1. Apparatus.--A falling ball viscometer, modified to allow the determination of flow properties at several stresses, was accepted as most suitable for the problems involved. This choice was made for the following reasons: (a) the viscosity determination of a given system at various rates of shear can be made with ease and rapidity without reassembling the instrument, (b) ease of subjecting a given specimen to various and repeated agitations which are necessary for the study of thixotropy and dilatancy, (6) ease of cleaning the instrument, and (d) ease of obtaining and maintaining constant temperatures. In addition, because various investigators attribute the anomalies observed to the viscometer, it was desirable to establish whether these anomalies still exist with an entirely different type of instrument.
The primary limitations of this apparatus are: (a) approximately 6 cc. of specimen are required for any given series of tests, (b) the flow conditions do not simulate those existing in the arterial and venous systems, (¢) the yield values reported are only proportional to the stress intensity required to cause flow, (d) the rates of ball travel must not exceed 0.30 cm. per second (equivalent to approximately 0.5 cc. per second) to avoid turbulence and consequently, only a five-fold change in applied stress is convenient. These important limitations of the instrument will require eventual consideration, but were not believed significant in this exploratory study.
The flow diagram of rate versus shearing stress, expressed as the sine of the angle of tube inclination, for a true liquid, (Fig. 3 ) is a straight line over the range used, and passes through the origin. This indicates that no objectionable variables are introduced. Similarly, the slopes from this flow diagram for water and two known glycerol-water solutions, corrected for density, plotted against their corresponding viscosities, are straight lines through the origin (Fig. 3) . Fig. 4 shows the "rolling ball viscometer" assembled. It consists of a precision 8.3 ram. bore glass tube (section of a 10 cc. precision pyrex pipette) filled with the liquid in question. In this viscometer tube rolls a precision, highly polished pyrex sphere of 7.94 ram. diameter. This assembly is fastened to predetermined, reproducible angles made available by the various pegs shown on the stand. The stand, with the tube fastened at the desired angle with rubber bands, is set on a level plate glass platform, and submerged in a transparent water bath with adequate lighting from below.
The rate of the bali's roll is dependent on the tube angle, the viscosity of the liquid, the differences in the densities of the ball and liquid, and the respective radii of the tube and the ball. Accordingly, by holding all the variables other than the liquid constant, and recording the rate of ball travel relative to that of a sample of known viscosity, the viscosity of an unknown can be determined on a relative basis. The standards were distilled water and water-glycerol solutions of known viscosity (10) and known density (11) .
When flow diagrams were not prepared as a matter of convenience, or when flow properties were determined at a single shearing stress, the viscosities or apparent 0.28 in which 71 = viscosity in centipoises of the standard liquid, 72 = viscosity of the unknown system, T1 = time in seconds necessary for the sphere to travel the predetermined distance in the standard liquid at a given tube angle, T, = time in seconds for the sphere to travd through the unknown under conditions identical to T1, DB = density of the ball (2.24), D1 = density of standard liquid, D, = density of unknown system. For the blood-anticoagulant studies with several shearing stresses which permitted the development of a flow diagram, the data were (a) plotted on uniform ordinates, (b) the slope of the flow line determined, (c) the slope corrected for density by multiplying the factor (DB --D2), and (d) the viscosity value obtained by use of the calibration curve (Fig. 2) .
When flow diagrams were constructed for systems exhibiting anomalous flow properties, at least two, preferably more, shearing stresses were required. This was possible with a given filling of the instrument by merely changing the angles of the tube. The angles used were 11°41 ', 18°! 1', 30025 ', and 31o33 '. The application of the inclined plane principle indicates that the resulting shearing stresses are directly proportional to the sine of the angle. Accordingly, a plot of the sine of the angle of tube inclination versus the rate of the ball travel results in the desired flow diagram of rate versus stress. That this is valid is indicated by the linear plot of viscosity versus slope, passing through the origin obtained on two standard liquids known to exhibit true viscosity as in Fig. 3 .
The reproducibility for a given filling and position with either a true liquid or nonNewtonian system is well within 1 per cent. Duplicate determinations for subsequent fillings agree well within 3 per cent for true liquids, and this agreement for blood-anticoagulant systems is about 5 per cent.
The operation of the viscometer consists of inclining the tube and stand to force the ball to roll to the upper end of the tube. The stand is then set on the level platform and the ball rolls down the desired incline. The time necessary for the ball to pass two predetermined points is then determined. The distance between the points was 7.408 cm., the equivalent of 4 cc. as indicated by the original pipette graduations. Determinations near either extremity of the tube were avoided to minimize the possibility of end-effects.
Precautions were necessary to exclude any air bubbles from the system. The stopper with the capillary permitted the escape of such bubbles while closing the system. It was also necessary to avoid the formation of air bubbles in the system after closing, due to the air and other gases coming out of sohtion. Boiling the distilled water used in the standard eliminated this. It was found essential that the ball and tube be rigorously cleaned. The ball, once clean and dry, was always handled with rubber-tipped forceps.
The second stopper shown in the diagram was included to facilitate the tube deaning operation. Care was taken not to scratch the tube bore or the ball. A portion of each blood-anticoagulant sample was used for the determination of the densities, using a Nicol tube pyknometer. After these determinations, these systems were centrifuged at 3000 R.P.M. for 20 minutes. The supematant plasma was decanted and viscosities and densities determined. Following withdrawal of the blood, all tests were run continuously within 6 hours.
Samples containing low unitage were tested first.
OBSERVATIONS

A. The Influence of Various Units of Heparin upon the Plasma and Blood Apparent Viscosities
Columns 1 and 5 and columns 2 and 6 of Table I cover the data on the apparent viscosities of the blood and plasma of two humans at relatively low rates of shear. As can be seen, the apparent viscosities of blood and plasma are always decreased with higher amounts of heparin, although not in direct proportion. 2 u, 5 u, and 25 u per cc. heparinized human C blood and plasma always exhibit higher apparent viscosities than the corresponding 0.2 per cent sodium oxalate and 0.3 per cent sodium citrate systems. Only the 2 u heparinblood and heparin-plasma systems for human A have a higher apparent viscosity than the oxalate-blood and oxalate-plasma systems. It may be noted that similar effects were observed with heparin on the viscosities of serumanticoagulant systems. Sera were obtained from 2 humans, 2 dogs, and 1 sheep and diluted 14:1 and 13:2 with various units of heparin dissolved in distilled water. The lowering effect of heparin on the viscosity was always present, although not in direct proportion to the amount of heparin added.
B. The Relationship between Blood and Plasma Viscosities
The -~ ratio, in which ,7 = viscosity of blood and n0--viscosity of plasma, was To found constant within the limits of the instrument and the type of systems studied (Table I) . Some peculiarities do exist; in human C there was ratio increase with higher heparin concentrations, whereas in human A, the reverse trend was noted. In the fourth and eighth columns of this table the volume of the corpuscles is shown as calculated from the formula of Whittaker and Winton: The factor k = 0.6 was introduced by Whittaker and Winton for corpuscular concentrations within the limits of 10 to 80 per cent, since Hatschek's formula only holds for suspensions above 60 per cent and, after Trevan, in blood suspensions above 45 per cent. Whittaker and Winton claim that the constant, k, is increasing with pressure if the pressure is low, but approximately equal to 0.6 over a wide range of higher pressures such as obtained in high velocity type of viscometers. Our viscometer, although not of a capillary type, involves a high velocity, and we therefore felt justified in using the empirically found factor of Whittaker and Winton. As can be seen from the table, for human C the corpuscular volume varies between 54.5 per cent and 61.0 per cent and for human A, between 44.0 per cent and 48.7 per cent. Human C shows 
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'qo ~o increases in the corpuscular concentration whereas human A shows decreases with increasing amounts of hcparin. We have not compared these values with hematocrit values obtained by centrifugation of the blood, although it may be assumed that the amount of corpuscles in systems from the same blood withdrawal should be the same, since the proportions of the dilutions are identical. Table II summarizes the values obtained for three human bloods for the apparent viscosity and apparent specific viscosity. These values progressively decrease with increases in the stress as is to be expected of such non-Newtonian fluids. Table III summarizes the pseudoviscosity values and yield values for these systems. The flow diagram obtained for three or more different stresses for the 0.3 per cent sodium citrate per cc. and the 25 u of heparin per cc. of human A is shown in Fig. 5 . It is apparent that the data fall closely to a straight line, which on extrapolation, intercepts the stress ordinate, demon- For a given condition, the second value corresponds to datum from a second blood withdrawal after 4 days. 
C. The Anomalous Flow Properties of Blood-Anticoagulant Systems
D. Thixotropy and Dilatancy
Exploratory results in this complex field are summarized by Fig. 7 . The system studied, containing 5 u of heparin per cc. had been allowed to stand 6 hours, at which time a small clot was removed, and the viscometer filled and tests started.
The progressive decrease in the time of roll $1 to $2 with the continued gentle agitation resulting from the passage of the ball, indicates a thixotropylike phenomenon. On severe agitation the time of roll increased as indicated by S~ to 3'3. This increase has the general appearance of dilatancy. The gradual decrease from S~ to T, 23.2, 23.0, 22.8, 22.8, and 21.6 could be attributed to thixotropy that is not entirely reversible.
The gradual average increase in the rolling time noted when comparing value $2 to T, is believed to be age-hardening, a phenomenon demonstrated by an increase in the viscosity values found for several of the systems that were allowed to stand after the initial determinations were completed.
DISCUSSION
The data obtained agree with those of Whittaker and Winton (5) and Dow and Hamilton (4) in that the blood systems studied exhibited anomalous flow properties. Figs. 5 and 6 offer much the same type of flow diagram as that of the Whittaker-Winton biological viscometer, being a straight line, which, on extrapolation, intercepts the stress ordinate. Similarly, they are in general agreement with the data of Dow and Hamilton and of Lahy (6) who found that a distinct pressure is necessary to cause flow. On the basis of these three different experiments, and the data here offered, it appears certain that the yield value phenomenon exists in the blood systems studied and that to completely characterize the flow properties of such systems, the yield value must be taken into consideration.
We believe the data presented indicate that the Bingham treatment (Equation 2) can be used for this purpose, and that its conditions are reasonably well filled by the data of Winton and Whittaker as well as by the data presented in Figs. 5 and 6 of this article. It is quite possible that further study will develop information indicating that the flow of these blood systems, particularly at a very low stress, is not linear and that the yield value obtained by the simple Bingham concept may be too high. For such systems a more exact relationship might be that of Herschel and Bulkley (13) or some similar variation (14) , including an exponential factor. However, it is believed the limitations of the available data did not warrant the present application of these more complex treatments.
From the experiments summarized in Tables I and II it may be concluded that heparin tends to decrease the viscosity or apparent viscosity of blood and plasma. No mechanism can be offered at this time capable of explaining this decrease. The decrease in density found in the course of this investigation (15) contributes to the complexity of the phenomenon. Further investigation is required before a satisfactory explanation can be offered. Table III indicates that the constants for the Bingham flow type of system, namely, pseudoviscosity and yield value, gradually decrease with increasing heparin concentrations.
It is conceivable that with some systems, one of these values would be materially changed while the other remains essentially the same. An indication of this results from a comparison of the flow properties of l~uman A blood from the same withdrawal with 125 u heparin per cc. and 0.3 per cent of sodium citrate per cc. Although the pseudoviscosities are identical, the yield values differ by 20 per cent. This lower yield value accounts for the lower apparent viscosities exhibited by the sodium citrate-blood systems. By the same process, a comparison of 5 u heparin added to human A and human C bloods, per cc. indicates that the apparent viscosity of human A is approximately 8 per cent higher than human C, while the pseudoviscosity is some 3 per cent lower. This discrepancy is only understandable after the yield value is taken into consideration and it is realized that its value for blood system A is 40 per cent higher.
A study of A similar comparison of the pseudoviscosities indicates that human A blood systems have, on the average, a 9 per cent lower value. Because of these observations, it is believed that the Bingham treatment may characterize the flow properties of blood and that the two constants, pseudoviscosity and yield value, for any one of these systems, may prove to be of physiological significance. This seems particularly true of the yield value. In Table I , columns 4 and 8, for human A and human B blood systems verify the findings of Trevan (1) and Whittaker and Winton in that the ratio of the apparent viscosity of the blood and plasma systems is reasonably constant. Whether this ratio can be applied successfully to the calculations of the corpuscular concentration is questionable. As the apparent viscosity varies radically with the instrument and the rate of shear, the ratio of the blood and plasma viscosities will vary, and accordingly, whatever modification of the Hatscbek formula is adopted will be dependent specifically on the test conditions under which it was developed. Subsequent use would require determinations under identical conditions. A possible exception, as noted by Whittaker and Winton, would be determination of the viscosity at very high shearing stresses where the yield value would be a minor variable in the apparent viscosity value.
Whittaker and Winton report that glass viscometers, even of the high velocity type give entirely too high a value for the apparent specific viscosity ("apparent viscosity" using the Whittaker-Winton-Bayliss terminology). In Table  II, Since one of us (16) found that heparinized blood and plasma exhibit the phenomenon of thixotropy, the rolling ball viscometer was used to demonstrate it. The thixotropy and dilatancy data summarized in Fig. 7 exhibit the complexity of this phase of the problem. It appears that, although thixotropy is present, it is not entirely reversible, as required by the classical definition. This seems to be due in part to two other phenomena: (a) dilatancy, (b) agehardening.
In 1936 and 1938 Freundlich et al. reported the phenomenon of dilatancy in systems of microscopical as well as of ultramicroscopical particles in suspension (17, 18) . The particles behave as normal fluids at a low rate of deformation, because there they have sufficient opportunity to slip over each other. However, by fast deformation the resistance against deformation is rapidly augmented and a phenomenon occurs which compensates the deforming stress. The particles are accumulated locally and have no longer the ability to pass each other. Thus these systems behave as solids. As soon as the external forces cease acting, with spontaneous restoration of the regular distribution of the particles, they again form a liquid system. This rheological phenomenon is also referred to as "snow plough effect" by Jordan (19) who studied it in smooth muscles. To our knowledge this phenomenon was not described with blood systems. Like the phenomenon of thixotropy it can be measured with our viscometer on a relative basis.
The age-hardening phenomenon, that is, the increase of viscosity of blood systems on standing, although not discussed in detail in the paper, has been definitely established on a few specimens. Its extent and rate have not been established. The occurrence of these three simultaneous phenomena make it difficult to establish a distinct case for each of the three.
This presentation is an attempt to cast new light upon the problems of hemodynamics by applying current rheological principles to the flow of blood. It is realized that the anticoagulant-blood systems do not necessarily correspond to the circulating blood. However, for the interpretation of certain circulatory disorders we feel that the students of hemodynamics should be aware of probable relationships which adequately characterize the anomalous flow properties of blood. SUMMARY 1. A modified falling ball viscometer (rolling ball viscometer) for blood and other humors is presented. It is capable of easily measuring flow properties at several stresses, as is required to define satisfactorily the properties of anomalous flow systems. At high shearing stresses, apparent specific viscosity values of 2.5 + are observed, corresponding to 2.2 4-0.2 reported as possible with the biological viscometer of Whittaker and Winton.
2. Previous references to the anomalous flow properties of blood were verified. It was demonstrated that these systems conform to the Bingham concept of anomalous flow. To define completely the flow properties of such systems it is necessary to make determinations at at least two shearing stresses, preferably more. Data are reported for the pseudoviscosity and yield value, the latter being possibly the most specific proPerty of the three bloods studied.
3. Heparin in increasing amounts tended to decrease the apparent viscosity, pseudoviscosity, and yield value of blood. Similar increases of heparin also reduced the viscosites of the serum and plasma.
4. The ratio of the apparent viscosity of blood and its plasma was found to be reasonably constant as reported by Trevan. However, as the apparent viscosity is a function of the shearing stress, it is believed that the relationship for the calculations of corpuscular concentrations, such as the Whittaker and Winton modification of the Hatschek formula, is specific for the instrument and conditions of tests by which it was determined. 5. Heparinized blood was found to exhibit thixotropy, dilatancy, and agehardening phenomena.
